It has been reported that the loss of apicobasal cell polarity and the disruption of adherens junctions induce hyperplasia in the mouse developing brain. However, it is not fully understood whether hyperplasia is caused by an enhanced cell proliferation, an inhibited neurogenesis, or both. In this study, we found that the ratio of the number of proliferating progenitor cells to the total number of retinal cells increases in the neurogenic stages in zebrafish n-cadherin (ncad) and nagie oko (nok) mutants, in which the apicobasal cell polarity and adherens junctions in the retinal epithelium are disrupted. The cell-cycle progression was not altered in the ncad and nok mutants. Rather, the ratio of the number of cells undergoing neurogenic cell division to the total number of cells undergoing mitosis decreased in the ncad and nok mutant retinas, suggesting that the switching from proliferative cell division to neurogenic cell division was compromised in these mutant retinas. These findings suggest that the inhibition of neurogenesis is a primary defect that causes hyperplasia in the ncad and nok mutant retinas. The Hedgehog-protein kinase A signaling pathway and the Notch signaling pathway regulate retinal neurogenesis in zebrafish. We found that both signaling pathways are involved in the generation of neurogenic defects in the ncad and nok mutant retinas. Taken together, these findings suggest that apicobasal cell polarity and epithelial integrity are essential for retinal neurogenesis in zebrafish.
Introduction
Cell polarity and epithelial integrity are severely compromised in various human cancers, and the relationship between the loss of cell polarity, proliferation, and differentiation has been discussed for a long time (Lee and Vasioukhin, 2008) . Three groups of proteins play a central role in the establishment and maintenance of apicobasal cell polarity. The Crumbs-Pals1 (Stardust)-Patj and Par3 (Bazooka)-Par6-atypical protein kinase C (aPKC) protein complexes localize to the apical membrane domain and promote apical-membranedomain identity (Margolis and Borg, 2005; Suzuki and Ohno, 2006) . Their function is antagonized by the basolaterally localized Lethal giant larvae (Lgl), Scribble (Scrib), and Discs large (Dlg) proteins, which together promote basolateral membrane identity (Bilder, 2004; Humbert et al., 2008) . In the epithelium, the apical and basolateral membrane domains are separated by a physical barrier called the apical junctional complex, which comprises tight junctions and adherens junctions (AJs) and functions as a crucial physical link between internal cell 0925-4773/$ -see front matter Ó 2010 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2010.03.004 polarity and three-dimensional tissue organization (Hartsock and Nelson, 2008) . The most convincing evidence that implicates the cell polarity pathway in cancer comes from studies of Drosophila. In Drosophila, the loss of Lgl, Dlg, or Scrib results in neoplastic transformation and tumor-like growth (Bilder, 2004) . The activation of aPKC has also been implicated in Drosophila tumorigenesis and human cancers (Lee and Vasioukhin, 2008) . Furthermore, in Drosophila neuroblasts, cell polarity mechanisms are pivotal for the regulation of asymmetric cell division probably through the correct inheritance of cell fate determinants and correct spindle orientation, suggesting that abnormal asymmetric cell division is the primary defect responsible for tumor formation in lgl, dlg, and scrib mutants (Wodarz and Nathke, 2007) . Thus, the establishment and maintenance of cell polarity are important for maintaining the appropriate balance between cell proliferation and differentiation.
Recent studies suggest that apicobasal cell polarity affects the balance between proliferation and differentiation in the mammalian brain (Gotz and Huttner, 2005; Lee and Vasioukhin, 2008) . It was reported that neural progenitor cells fail to exit from the cell cycle, but instead overproliferate in the mouse brain homozygous for Lgl mutations (Klezovitch et al., 2004) . In a neural progenitor-specific conditional aEcatenin knockout mouse, hyperplasia occurs in the cerebral cortex, in which neural progenitor cells lose their cell polarity and AJs formed between them are disrupted (Lien et al., 2006) . In this aE-catenin mutant cortex, the fraction of cells exiting the cell cycle is not altered, but the cell cycle is significantly shortened. It was reported that Par3 inactivation promotes premature cell-cycle exit and neuronal differentiation, whereas Par3 or Par6 overexpression enhances proliferative cell division, suggesting a key role for the Par complex in promoting self-renewing progenitor cell division at the expense of neurogenic differentiation (Costa et al., 2008) . Recently, it has been reported that Par3 is essential for the asymmetric cell division of neural progenitor cells and that its inheritance promotes the reentry into the cell cycle (Bultje et al., 2009 ). However, the molecular network that links cell polarity and neurogenesis remains to be elucidated.
Previously, we and others identified several zebrafish mutants showing defects in retinal layer organization, including ncad (formerly called parachute or glass onion), nagie oko (nok), mosaic eyes (moe), oko meduzy (ome), and heart and soul (has) (Malicki, 2004) . In these mutants, retinal proliferating progenitor cells lose their apicobasal cell polarity, accompanied by defects in the maintenance of AJs in the ventricular zone of the neural retina (Horne-Badovinac et al., 2001; Jensen et al., 2001; Malicki and Driever, 1999; Pujic and Malicki, 2001; Wei and Malicki, 2002) . The collapse of AJs seems to cause the detachment of cells undergoing mitosis from the ventricular zone of the neural retina, leading to a severe disorganization of retinal laminae. Recent studies including ours have revealed that ncad, nok, ome, moe, and has mutant genes encode N-cadherin, Pals1/Stardust, Crumbs2, a novel FERM (for 4.1 protein, ezrin, radixin, and moesin) domain-containing protein, and aPKCk, respectively (Horne-Badovinac et al., 2001; Jensen and Westerfield, 2004; Malicki et al., 2003; Masai et al., 2003; Omori and Malicki, 2006; Peterson et al., 2001 ; Wei and Malicki, 2002) . N-cadherin is an essential component of AJs. Nok, Ome, and Moe interact with each other and cooperatively maintain AJs in the retinal neuroepithelium and photoreceptor cell layer (Hsu et al., 2006; Jensen and Westerfield, 2004; Wei and Malicki, 2002) .
In this study, we found that the ratio of the number of proliferating cells to the total number of retinal cells is higher in zebrafish ncad and nok mutants at the middle stage of retinal neurogenesis, suggesting a hyperplasia associated with neurogenesis in these mutant retinas. The cell-cycle progression was not altered in the ncad and nok mutant retinas. Rather, the switching from proliferative cell division to neurogenic cell division was compromised in these mutant retinas. These findings suggest that the inhibition of neurogenesis is a primary defect that causes the hyperplasia in these mutant retinas, and that apicobasal cell polarity and epithelial integrity are important for the regulation of the cell-division mode during retinal neurogenesis in zebrafish. The Hedgehog (Hh)-protein kinase A (PKA) signaling pathway regulates the progression of retinal neurogenesis in zebrafish Neumann and Nuesslein-Volhard, 2000; Stenkamp and Frey, 2003) . The Wnt and Notch signaling pathways promote cell proliferation and inhibit neurogenesis, respectively, in the zebrafish retina . We found that the neurogenic defects in the ncad and nok mutant retinas are suppressed by the blockade of the Notch signaling pathway and modulated by the Hh-PKA signaling pathway, suggesting that these signaling pathways are involved in the generation of neurogenic defects in the ncad and nok mutant retinas. Taken together, these findings suggest that apicobasal cell polarity and epithelial integrity are essential for retinal neurogenesis in zebrafish.
Results

2.1.
Ratio of number of proliferating cells to the total number of retinal cells increased in zebrafish mutants that show defects in apicobasal cell polarity and AJs
In the nok, moe, and ome mutants, the apicobasal polarity of retinal cells fails to be maintained. In the ncad mutant, AJs are disrupted, resulting in the disruption of the retinal epithelium. In both cases, cells undergoing mitosis are detached from the ventricular surface of the retinal epithelium, leading to severe disorganization of retinal laminae ( Fig. 1A and B). To elucidate whether the balance between proliferation and differentiation is affected in these mutant retinas, we examined the incorporation of bromodeoxyuridine (BrdU) into genomic DNA in a short period in the wild type, and ncad, nok, ome, and moe mutants [see Section 4: all experiments on the incorporation of BrdU or ethynyl uridine (EdU) in this study were carried out using the same procedures (uptake for 10 min on ice and chasing for 1 h at 28.5°C), except for the experiments the results of which are shown in Fig. 2G ]. In 58 h postfertilization (hpf) wild-type retinas, most of the cells in the central region of the neural retina differentiated into neurons and were BrdU-negative. BrdU incorporation was observed only in the ciliary marginal zone (CMZ) in the wild-type retinas, where retinal stem cells are located (Fig. 1C) . However, in all these mutants, BrdU incorporation was observed in not only CMZ but also the central region of the neural retina (Fig. 1D , data not shown). We examined the expression of a cell-cycle regulator, cyclin D1 (Yarden et al., 1995) . cyclin D1 expression was detected only in CMZ in wild-type retinas (Fig. 1E) , whereas a patchy pattern of expression was observed in the central retina of the ncad and nok mutants (Fig. 1F , data not shown). We examined the ratio of the number of BrdU-positive cells to the total number of retinal cells in all sets of these mutants and their wild-type siblings. As compared with wild-type siblings, the ratio of the number of BrdU-positive cells to the total number of retinal cells was 2.7 times higher in the ncad, nok, and moe mutants and 3.7 times higher in the ome mutant at 58 hpf (Fig. 1G ).
These findings suggest that the ratio of the number of proliferating cells to the total number of retinal cells increases in these mutant retinas. Nok, Ome, and Moe interact with each other and cooperatively regulate the establishment of cell polarity and the maintenance of AJs in the retinal neuroepithelium (Hsu et al., 2006) . Thus, we used nok and ncad for subsequent analyses in this study.
To elucidate whether the increase in the ratio of the number of proliferating cells to the total number of cells occurs transiently in ncad and nok mutant retinas during development, we examined the developmental profile of BrdU incorporation in the ncad and nok retinas and their wild-type sibling retinas (Fig. 1H ). In the zebrafish retina, neurogenesis . (E and F) In situ hybridization of 48 hpf wild-type retina (E) and ncad mutant retina (F) using cyclin D1 RNA probe. cyclin D1 is expressed in CMZ of wild-type retinas (E, asterisks), whereas it is expressed in not only CMZ but also the central region of ncad mutant retinas (F). (G) Percentage of BrdU-positive cells with respect to total number of retinal cells at 58 hpf in retinal-cell-polarity-defective mutants: ncad, nok, ome, and moe (blue bars) and their wildtype siblings (red bars). The ratio of BrdU-positive cells is 2.7 times higher in ncad, nok, and moe mutants and 3.7 times higher in the ome mutant than in their siblings. Student's t-test; * p < 0.005 and ** p < 0.01. (H) Temporal profile of the percentage of BrdU-positive cells with respect to total number of retinal cells in nok (open squares) and ncad (open triangles) embryos and their wild-type sibling embryos (filled squares and triangles). The percentage is higher in these mutants than in wild-type siblings at 58 hpf, but decreased to the wild-type level by 75 hpf. The difference between the ncad/nok mutants and their siblings is not significant (Student's t-test, p > 0.05) at both 25 and 75 hpf, but significant (Student's t-test p < 0.05) at 58 hpf. (I and J) Cell-transplantation experiments of ncad mutant donor cells into wild-type recipient retinas. A large clone of mutant cells forms very close to CMZ of the wild-type retina (I) and a small clone forms in the vitrial region of the neural retina (J). In both cases, ncad mutant cells (green) abnormally incorporate BrdU (red) in wild-type recipient retinas [white dashed circle (I) and arrowheads (J)].
starts from 25 hpf and ceases in most regions of the neural retina except CMZ by 72 hpf (Hu and Easter, 1999) . At 25 hpf, 60-70% of the cells incorporated BrdU in the ncad and nok mutant retinas and their wild-type sibling retinas, and there was no significant difference among them. At 75 hpf, the percentage of cells showing BrdU incorporation in the ncad and nok mutant retinas decreased to less than 5%, which is similar to that in their wild-type sibling retinas. These findings suggest that the increase in the ratio of the number of proliferating cells to the total number of retinal cells transiently occurs at the middle stage of retinal neurogenesis.
To exclude the possibility that the high ratio of proliferating cells is due to the delay of the entire embryonic development, we carried out cell-transplantation experiments. When ncad mutant donor cells were transplanted into wild-type recipient retinas, the ncad mutant cells ectopically incorporated BrdU in the wild-type post-mitotic environment (Fig. 1J) . In the extreme case of the dorsal half of the neural retina consisting of ncad mutant donor cells (Fig. 1I) , continuous proliferation was only observed in the mutant-derived dorsal half, whereas the ventral half derived from wild-type cells was BrdU-negative and normally laminated. In the control transplantation from wild-type donor cells to wild-type recipient retinas, we did not observe such an ectopic BrdU incorporation (data not shown). These observations suggest that the increased ratio of proliferating cells in the ncad mutant retina is not a secondary effect of defects in other tissues, and that a local disruption of cell polarity and epithelial integrity results in the higher ratio of proliferating cells in the zebrafish retina.
2.2.
Cell-cycle progression is not altered in ncad and nok mutant retinas in the early stages of retinal neurogenesis
The higher ratio of the number of proliferating cells to the total number of retinal cells in 58 hpf ncad and nok mutants raises at least two possibilities. The first possibility is that ret- Labeling of 27 hpf wild-type retina (A) and ncad mutant retina (B) with anti-pH3 antibody. Dorsal is to the left. In the wild-type retina, pH3-positive cells (red) are located in the ventricular zone (A, arrow), whereas pH3-positive cells fail to associate with the ventricular zone but are abnormally positioned in the ncad mutant retina (B, arrowheads). All the nuclei are stained with Sytox green. (C) Plastic section of 27 hpf ncad mutant retina labeled with anti-pH3 antibody (brown). Dorsal is to the left. All the nuclei are counterstained with toluidine blue. pH3-positive cells are localized at the apical surface of the neural retina in the dorsal cell-polarity normal area (arrow), but detached from the apical surface in the ventral cell-polarity compromised area (arrowhead) . The boundary between the cell-polarity-normal region and the cell-polarity-compromised region is very distinct (dashed line) and considered to correspond to a part of AJs detached from the pigmented epithelium (see Fig. 4 in Masai et al., 2003) . It is noted that pH3-positive cells are sometimes positioned along the interface in the cell-polarity-normal region (red arrow). inal progenitor cells proliferate faster in these cell-polarity mutants than in the wild type, leading to a large fraction of proliferating cells among all retinal cells. The second possibility is that cell-cycle length is not altered, but the ratio of the number of cells exiting the cell cycle to the total number of proliferating cells in a given period decreases in these mutant retinas, leading to a small fraction of post-mitotic neurons among all retinal cells. To elucidate which is the case in the ncad and nok mutant retinas, we examined whether cell-cycle progression is affected in these mutant retinas. In the zebrafish retina, the cell cycle is initially long (estimated to be between 32 and 49 h), but is abruptly shortened to about 10 h after 25 hpf when retinal neurogenesis begins (Baye and Link, 2007; Li et al., 2000) . Retinal neurogenesis spreads to nearly the entire neural retina at 33 hpf, resulting in the decrease in proliferating cell fraction at 33 hpf (Hu and Easter, 1999; Masai et al., 2000) . On the basis of these studies, we considered that a majority of retinal cells are proliferating and undergo a rapid cell-cycle progression associated with neurogenesis at 27 hpf in zebrafish. We examined the ratio of the number of cells labeled by BrdU or an anti-phosphorylated histone H3 (pH3) antibody, the latter of which labels cells in the early M phase, to the total number of retinal cells in the ncad and nok mutants at 27 hpf.
At 27 hpf, pH3-positive cells were located in the ventricular zone in the wild-type retina ( Fig. 2A) , whereas they were frequently detached from the ventricular zone and located in abnormal positions in both the ncad and nok mutant retinas (Fig. 2B ). There was no significant difference in the ratio of the number of pH3-positive cells to the total number of retinal cells between the nok mutant and its wild-type sibling (Fig. 2D) . The ratio of the number of pH3-positive cells to the total number of retinal cells was slightly higher in ncad mutants than in wild-type siblings, but the difference was not statistically significant (Fig. 2D) . Our previous study revealed that AJs start to collapse from the ventral region in the ncad mutant retinas, and that AJs and the integrity of neuroepithelial cells are often maintained in the dorsal region of the neural retina at 27 hpf ( Fig. 2B) (Masai et al., 2003) , raising the possibility that an incomplete disruption of AJs may lead to the underestimation of the effect of the loss of cell polarity and epithelial integrity in terms of cell proliferation in ncad mutant retinas. Thus, we separated the ncad neural retina into two distinct domains, namely, the ventral-epithelial-polarity-compromised region and the dorsal-epithelial-polarity-normal region, and calculated the ratio of the number of pH3-positive cells to the total number of retinal cells separately in these regions (Fig. 2C) . The ratio was slightly higher in the cell-polarity-compromised region than in the cell-polarity-normal region in ncad mutant retinas, but the difference was not statistically significant ( Fig. 2D) .
Next, we examined the ratio of the number of BrdU-positive cells to the total number of retinal cells in a given period in ncad, nok, and wild-type embryos. The ncad, nok, and wildtype sibling embryos were injected with BrdU at 27 hpf, fixed 15 min, 1 h, and 2.25 h after injection and labeled with the anti-BrdU antibody. In wild-type sibling retinas, the ratios of BrdU-positive cells 15 min, 1 h, and 2.25 h after BrdU injection at 27 hpf were approximately 55%, 70%, and 85%, respectively ( Fig. 2E-G ). These ratios in ncad and nok mutants were not significantly different from those in their wild-type siblings (t-test for both combinations at all three stages, p > 0.05), suggesting that the fraction of cells entering the S phase from 15 min to 2.25 h similarly increases in the ncad, nok, and wild-type sibling retinas. Taken together these findings, it is likely that the cell-cycle progression is not altered in the ncad and nok mutant retinas at 27 hpf.
2.3.
Cell-cycle exit is affected in ncad and nok mutant retinas Next, we examined the second possibility that the fraction of cells exiting the cell cycle decreases in ncad and nok mutant retinas. ath5 (also known as atoh7 -ZFIN) is a zebrafish homolog of Drosophila atonal and is expressed in retinal cells undergoing neuronal differentiation (Masai et al., 2000) . In a strain carrying the green fluorescent protein (GFP) under the control of the ath5 retinal enhancer (ath5:GFP), Tg(ath5:GFP)
rw021 , GFP expression is initiated in retinal progenitor cells undergoing the final cell division in the late G2 phase and inherited by two post-mitotic daughter neurons ( Fig. 3A and I) (Poggi et al., 2005) . Although ath5 mRNA expression is transiently maintained only in immature retinal ganglion cells (RGCs), ath5:GFP expression is detected in not only RGCs but also other types of retinal neuron in the inner and outer retinal layers (data not shown), suggesting that ath5:GFP is stably retained in most post-mitotic cells at least until 48 hpf. We confirmed that GFP-positive progenitor cells produce two GFP-positive neurons in ncad (n = 3, Fig. 3B ) and nok mutant retinas (n = 5, Fig. 3B 0 ), as in the wild type (Fig. 3A ). In the ncad and nok mutants, cells undergoing the mitosis are frequently detached from the ventricular surface of the neural retina. In such cases, the cell-division plane is sometimes perpendicular to the apicobasal axis, which is very rare in the wild type (Das et al., 2003) , but GFP was inherited by both daughter cells (Fig. 3B  0 ) . Furthermore, the double labeling of the ncad mutant retina with ath5:GFP and the anti-BrdU antibody revealed that cells in the S phase do not express GFP in ncad mutant retinas at 48 hpf ( Fig. 3C and D). These observations suggest that ath5:GFP is a marker of retinal progenitor cells undergoing the final cell division and post-mitotic neurons in the retinas of ncad and nok mutants as well as the wild type at least until 48 hpf.
To determine whether the spatiotemporal pattern of cellcycle exit is normal in ncad and nok mutant retinas, we examined the progression profile of ath5:GFP expression. The progression profiles of ath5:GFP expression in ncad and nok embryos were globally similar to that in wild-type embryos ( Fig. 3E -H, data not shown), suggesting that the temporal progression of retinal neurogenesis is grossly normal in these mutants. To examine the ratio of the number of retinal cells undergoing neuronal differentiation to the total number of retinal cells, cryosections of ncad, nok and wild-type sibling retinas were labeled with ath5:GFP and a nucleic acid stain, Sytox Orange. We calculated the ratio of the number of ath5:GFP-positive cells to the total number of retinal cells. The ratio was significantly lower in nok and ncad mutant retinas than in wild-type retinas at 48 hpf ( Fig. 3L) , suggesting that the neurogenesis is delayed in ncad and nok mutant retinas at 48 hpf.
Because ath5:GFP begins to be expressed in the G2 phase prior to the final cell division, we can distinguish proliferative cell division from neurogenic cell division by double labeling with ath5:GFP and the anti-pH3 antibody. The cells undergoing proliferative cell division are labeled only by the antipH3 antibody, whereas the cells undergoing neurogenic cell division are labeled by both ath5:GFP and the anti-pH3 antibody (Fig. 3I) . We carried out the double labeling of ncad and nok mutant retinas and their wild-type sibling retinas with ath5:GFP and the anti-pH3 antibody ( Fig. 3J and K, data not shown). The ratio of the number of ath5:GFP-and pH3-double-positive cells to the total number of pH3-positive cells was significantly reduced in the ncad and nok mutant retinas at 33 hpf ( Fig. 3M) , suggesting that the fraction of cells undergoing neurogenic cell division in mitosis decreased in both mutant retinas. These findings suggest that the switching from proliferative cell division to neurogenic cell division is compromised in both mutant retinas at 33 hpf.
Cell-cycle progression was not altered in ncad and nok mutant retinas at 27 hpf ( Fig. 2) . However, apicobasal cell polarity and epithelial integrity became more severely disrupted in these mutant retinas at the later stages than at 27 hpf. Thus, we examined the ratio of the number of pH3-positive cells to the total number of proliferating cells in the ncad and nok mutant retinas at later stages. To precisely calculate this ratio, we distinguished proliferating progenitor cells from post-mitotic retinal cells after neurogenesis occurs. Because ''ath5:GFP-negative cells plus ath5:GFP-and pH3-double-positive cells'' represent the population of proliferating retinal progenitor cells, the ratio of the number of pH3-positive cells to the total number of ''ath5:GFP-negative cells plus ath5:GFPand pH3-double-positive cells'' is considered to indicate the ratio of the number of cells undergoing mitosis to the total number of proliferating retinal cells. We examined this ratio in ncad and nok mutant retinas and their wild-type sibling retinas at 33 and 48 hpf. Although the ratio was slightly lower in the nok mutant retinas than in its wild-type sibling retinas at 33 and 48 hpf and slightly higher in the ncad mutant retinas than in its wild-type sibling retinas at 48 hpf, these differences were not statistically significant (Fig. 3N) , suggesting that the fraction of cells undergoing mitosis in all proliferating cells is not altered in both mutant retinas at the later stages of development.
2.4.
Neurogenic defects in the ncad and nok mutant retinas are not caused by apoptosis
To examine the possibility that the apoptosis of differentiating neurons or progenitor cells undergoing the final cell division decreases the fraction of differentiating neurons in the ncad and nok mutant retinas, we carried out terminal deoxynucleotide transferase mediated dUTP-nick-end labeling (TUNEL) of ncad and nok mutant retinas and their wildtype sibling retinas at 24, 30, and 48 hpf ( Fig. 4A-H) . We counted the number of TUNEL-positive signals on sectioned retinas of the ncad and nok mutants and their wild-type siblings at these different stages, and determined the average number of TUNEL-positive signals per sectioned retina. No TUNEL-positive signals were detected in all sectioned retinas of the ncad and nok mutants and their wild-type siblings at 24 hpf (data not shown). At 30 hpf and 48 hpf, TUNEL-positive signals were detected in both mutant retinas as well as their wild-type sibling retinas (Fig. 4A-H) . The number of TUNELpositive signals per sectioned retina was not significantly different between the ncad mutant and wild-type sibling retinas at both stages ( Fig. 4I and J) and between the nok mutant and wild-type sibling retinas at 30 hpf ( Fig. 4I ) (p > 0.05 for Student's t-test and the Mann-Whitney test). The number of TUNEL-positive cells per sectioned retina varied among individual embryos in the nok mutant at 48 hpf, and the difference between the nok mutant and its wild-type sibling retinas showed p-values of p = 0.078 for Student's t-test and p = 0.026 for the Mann-Whitney test (Fig. 4J) . Although the difference was not found to be significant by Student's t-test, the level of apoptosis seems to be higher in the nok mutant retina than in the wild type at 48 hpf. In both mutant retinas, all TUNEL-positive cells we observed were ath5:GFP-negative ( Fig. 4A-H , data not shown), thus, excluding the possibility that newly generating neurons selectively undergo apoptosis. It is likely that the neurogenic defects in the ncad and nok mutant retinas are not caused by apoptosis.
2.5.
Neurogenic defects in ncad and nok mutant retinas depend on Notch signaling pathway
The activation of the Notch signaling pathway inhibits neurogenesis in the zebrafish retina (Scheer et al., 2001; Yamaguchi et al., 2005) . Hyperplasia in the Lgl mutant mouse brain is probably mediated through the activation of the Notch signaling pathway (Klezovitch et al., 2004) . Recently, it b has been reported that mammalian Par3 regulates asymmetric cell division through the Notch signaling pathway in the mouse cerebral cortex (Bultje et al., 2009) . To determine whether the decrease in the number of cells exiting the cell cycle in ncad and nok mutant retinas depends on Notch signaling, we examined the expression of a zebrafish homolog of Hairy/Enhancer-of-split-related 5 (Hes5), her4, which is a Notch downstream target (Pasini et al., 2004) . In wild-type retinas, her4 is expressed in the intermediate zone between retinal stem cells and differentiated neurons (Fig. 5A and D ) . We found that her4 was expressed in the central region of the ncad and nok mutant retinas ( Fig. 5B and E) , suggesting that the Notch signaling pathway is activated in the central region of these mutant retinas. Next, we examined whether the blockade of the Notch signaling pathway suppresses the neurogenic defects in the ncad and nok mutant retinas. The zebrafish mind bomb (mib) gene encodes a RING-domain-containing E3-type ubiquitin ligase, which is required for Notch activation through its interaction with Delta (Itoh et al., 2003) . Notch signaling is severely inhib- Each circle represents the average number of TUNEL-positive cells per sectioned retina for a single embryo, which was calculated using six sections prepared from both the left and right eyes. Means (short horizontal bars) and standard deviations (vertical bars) were calculated using six different embryos. The number of TUNEL-positive cells per sectioned retina vary in the nok mutant retinas at 48 hpf, and the difference between the nok mutant and its wild-type sibling retinas was p = 0.078 for Student's t-test and p = 0.026 for the Mann-Whitney test. Although the difference was not found to be significant by Student's t-test (p > 0.05), the level of apoptosis seems to be higher in nok mutant retina than in the wild type at 48 hpf. There is no significant difference between the ncad mutant and its wild-type sibling retinas at 30 and 48 hpf, and between nok mutant and its wild-type sibling retinas at 30 hpf (Student's t-test, p > 0.05).
ited in the zebrafish mib mutant (Jiang et al., 1996) . We observed that her4 mRNA expression level was markedly decreased in the retinas of the ncad; mib (Fig. 5C ) and nok; mib (Fig. 5F ) double mutants. BrdU incorporation was observed in the central retina of the ncad (Fig. 5H ) and nok mutants (Fig. 5M ) at 50 and 56 hpf, respectively. In either the ncad; mib or nok; mib double mutant, BrdU incorporation was still observed in the central retina ( Fig. 5J and O, asterisks) , suggesting that the neurogenic defects in the central retina of neither the ncad nor nok mutant are completely suppressed by the mib mutation. We calculated the ratio of the number of BrdU-positive cells to the total number of retinal cells in thencad; mib andnok; mib double mutants. The ratio in the ncad; mib double mutant was similar to that in the ncad single mutant (Fig. 5H, J, and K) . On the other hand, the ratio of the number of BrdU-positive cells to the total number of retinal cells in the nok; mib double mutant was significantly lower than that in the nok single mutant, although it was still higher than that in wild-type siblings (Fig. 5M , O, and P).
It is possible that a maternal Mib protein and another Mib homolog, Mib2, are functional in the zygotic mib mutant (Zhang et al., 2007) . To completely inhibit Notch signaling, we treated the ncad and nok mutant embryos with a chemical inhibitor of Notch signaling, y-secretase inhibitor IX (DAPT: N-[N-(3,5-difluorophenacetyl l-alanyl)]-S-phenylglycine t-butyl ester) (Geling et al., 2002) . The treatment with DAPT from the tail-bud stage to 58 hpf completely inhibited her4 expression in wild-type retinas and ncad and nok mutant retinas (Fig. 5S , T, W, and X). We examined ath5:GFP expression and EdU incorporation in the ncad and nok mutant embryos treated with DAPT and the control DMSO (Fig. 5Yand Z and a-h ). EdU incorporation in the central retina was detected in the ncad and nok mutants treated with DMSO ( Fig. 5Z and d) , but was markedly inhibited in the ncad and nok mutants treated with DAPT (asterisks in Fig. 5b and f). These EdU-negative retinal cells expressed ath5:GFP in both DAPT-treated ncad and nok mutants (asterisks in Fig. 5b and f), suggesting that the neurogenic defects in the central retinas of the ncad and nok mutants are suppressed by the DAPT treatment. We also calculated the ratio of the number of EdUpositive cells to the total number of retinal cells in wild-type sibling, ncad, and nok mutant embryos treated with DAPT and DMSO at 58 hpf. The ratio was higher in the ncad and nok mutants treated with DMSO than in DMSO-treated wild-type siblings, whereas the ratio was decreased to the DMSO-treated wild-type level in the ncad and nok mutants treated with DAPT ( Fig. 5g and h ). These observations suggest that the neurogenic defects in the ncad and nok mutant retinas depend on the Notch signaling pathway.
2.6.
Neurogenic defects in ncad and nok mutant retinas are enhanced by inhibition of Hh signaling Hh signaling is required for the progression of retinal neurogenesis in zebrafish Shkumatava and Neumann, 2005; Stenkamp and Frey, 2003) . Next, we examined whether Hh signaling is involved in the generation of neurogenic defects in the ncad and nok mutant retinas. Retinal neurogenesis is delayed in the zebrafish smoothened mutant, slow muscle ommited (smu) Stenkamp and Frey, 2003) . To determine whether the smu mutation enhances the neurogenic defects in the ncad and nok mutant retinas, we examined the ratios of the number of BrdU-positive cells to the total number of retinal cells in the ncad; smu (Fig. 6D ) and nok; smu (Fig. 6N ) double mutants at 48 hpf, and compared them with those in their wild-type siblings ( Fig. 6A and K) , and ncad (Fig. 6C ) and nok single mutant (Fig. 6M) . We found that the ratio of the number of BrdU-positive cells to the total number of retinal cells was not significantly different between ncad and ncad; smu (Fig. 6I) or between nok and nok; smu (Fig. 6S ). However, it is possible that a high level of BrdU incorporation in the ncad and nok mutant retinas may mask a subtle enhancement by the smu mutation. Thus, we examined the number of cells undergoing mitosis per sectioned retina in the ncad; smu and nok; smu double mutants at 48 hpf (Fig. 6E-H and O-R). The number of cells undergoing mitosis per sectioned retina increased in these double mutant embryos compared with wild-type siblings and smu, nok, and ncad single mutant embryos ( Fig. 6J and T) . Although the level of BrdU incorporation in the ncad and nok mutant retinas was not elevated by the smu mutation, the inhibition of Hh signaling enhances the generation of neurogenic defects in the retinas of both mutants.
2.7.
Inhibition of PKA activity suppresses cell-cycle progression in nok mutant retina PKA antagonizes the Hh signaling pathway during development (Ingham and McMahon, 2001 ). Our previous study revealed that a chemical activator of PKA, forskolin, inhibits retinal neurogenesis in zebrafish, and that dnPKA restores it in zebrafish treated with forskolin . To determine whether the introduction of dnPKA represses the nok-mediated defect in retinal neurogenesis, we injected a DNA construct that expresses GFP-tagged dnPKA or EGFP under a zebrafish heat-shock promoter into nok mutant and wild-type sibling eggs. The ectopic expression of dnPKA or EGFP was induced in a mosaic manner by the heat-shock treatment of injected embryos at 18 hpf. We examined whether individual wild-type retinal cells expressing dnPKA incorporate BrdU at 48 hpf, and calculated the ratio of the number of BrdU-positive cells to the total number of dnPKA-expressing cells in the wild-type retinas. This ratio was significantly lower than the ratio of the number of BrdU-positive cells to the total number of EGFP-expressing cells in the wild-type retinas (Fig. 7A, B , and G), suggesting that the introduction of dnPKA suppresses cell proliferation in the wild-type retina by 48 hpf. We also observed that a majority of dnPKA-expressing wild-type retinal cells were pH3-negative and expressed ath5 mRNA (data not shown), suggesting that the dnPKA-mediated suppression of BrdU incorporation is not due to the cell-cycle arrest in the late G2 or M phase. Next, we examined BrdU incorporation in nok retinal cells expressing dnPKA at 48 hpf. Similar to wildtype retinas, the ratio of the number of BrdU-positive cells to the total number of dnPKA-expressing cells was significantly lower than that of EGFP-expressing cells in the nok mutant retinas (Fig. 7C, D, and G) , suggesting that the introduction of dnPKA effectively suppresses the generation of nok-mediated defects in the cell-cycle exit. Our previous study revealed that retinal cells fail to exit from the cell cycle but continue to proliferate in the zebrafish histone deacetylase 1 mutant, ascending and descending (add), in which both the Wnt and Notch signaling pathways are highly activated . We found that the introduction of dnPKA failed to inhibit hyperproliferation in the add mutant retina (Fig. 7E, F , and G), suggesting a difference in the neurogenic defects between the nok and add mutant retina.
Discussion
Loss of apicobasal cell polarity and disruption of epithelial integrity inhibit neurogenesis in zebrafish retina
In this study, we found that the ratio of the number of proliferating cells to the total number of retinal cells increased in the zebrafish mutants, namely, ncad, nok, ome, and moe at the middle stage of neurogenesis. In all these mutants, AJs are disrupted at the early stage of retinal neurogenesis, resulting in the loss of the apicobasal polarity of retinal cells and frequent detachment of cells undergoing mitosis from the apical surface of the retinal epithelium. These findings suggest that apicobasal cell polarity and epithelial integrity are important for maintaining the balance between proliferation and neurogenesis in the zebrafish retina. Cell-cycle progression is not altered in the ncad and nok mutant retinas: but rather, the ratio of the number of cells undergoing the neurogenic cell division to the total number of retinal cells undergoing mitosis decreases in both mutant retinas, suggesting that the switching from proliferative cell division to neurogenic cell division is compromised in the ncad and nok mutant retinas. These findings suggest that cell polarity and epithelial integrity are important for determining the mode of cell division during retinal neurogenesis in zebrafish. It was reported that the ratio of the number of cells exiting the cell cycle to the total number of retinal cells decreases in the zebrafish aPKCk mutant has (Baye and Link, 2007) . This is consistent with our finding that cell-cycle exit and neurogenesis are compromised in the zebrafish mutants, in which the apicobasal cell polarity is disrupted. Taken together, these findings suggest that the inhibition of neurogenesis is a primary defect in these mutant retinas.
In recent studies using mice, hyperplasia was also observed in the brain, which is associated with the loss of apicobasal cell polarity and disruption of AJs. Failure of cell-cycle exit is responsible for brain hyperplasia in the loss-of-function of Lgl (Klezovitch et al., 2004) . The Par complex also influences the balance between proliferation and differentiation: Par3 loss-of-function leads to premature cell-cycle exit, whereas Par3/6 overexpression promotes the generation of self-renewal progenitor cells (Costa et al., 2008) . These two studies suggest that the promotion of the apical characteristics and/or the attenuation of the basolateral characteristics promote cell proliferation and inhibit cell-cycle exit during neurogenesis. This seems to be the opposite to our finding that cell-cycle exit is inhibited in the nok mutant retina, because Nok normally promotes the apical characteristics. Recently, it has been reported that Par3 is essential for the asymmetric division of progenitor cells in the mouse cerebral cortex, and that the inheritance of Par3 promotes the reentry of neural progenitor cells into the cell cycle (Bultje et al., 2009 ). In the mouse cerebral cortex, a low level of Par3 expression decreases the fraction of cells undergoing asymmetric neurogenic cell division but increases the fraction of those undergoing symmetric neurogenic cell division. On the other hand, a high level of Par3 expression increases the fraction of cells undergoing symmetric proliferative cell division. Since the division of cells identified by the presence of ath5:GFP is symmetric in the zebrafish retina at least until 48 hpf, the roles of Par3 may be different in the zebrafish retina.
In the mouse cerebral cortex, cell-cycle exit is not affected; rather, the cell cycle is shortened in the absence of aE-catenin, resulting in the increase in the number of mitotic cells (Lien et al., 2006) . In the mouse cerebral cortex, the activation of b-catenin increases the fraction of cells that reenter the cell cycle (Chenn and Walsh, 2002) , whereas the inhibition of bcatenin increases the fraction of cells that prematurely exit the cell cycle (Woodhead et al., 2006) . The absence of a-catenin may disrupt AJs, resulting in the release of b-catenin, which translocates into the nucleus and promotes cell-cycle progression. However, we did not find evidence supporting the idea that cell-cycle progression becomes faster in the ncad and nok mutant retinas than in the wild-type sibling retinas. Furthermore, our previous study revealed that dnPKA does not inhibit b-catenin-induced hyperproliferation in the zebra- On the other hand, a patchy pattern of her4 expression is observed in the central region in ncad (B) and nok mutant retinas (E). her4 mRNA expression level is markedly reduced in the ncad; mib (C) and nok; mib mutant retinas (F). (G-J) BrdU labeling of wild-type retina (G) and ncad (H), mib (I), and ncad; mib mutant retinas (J) at 50 hpf. BrdU incorporation is observed in CMZ of the wild type and mib mutant retinas, whereas the central retina is BrdU-positive in the ncad and ncad; mib mutants, suggesting that mib mutation does not efficiently suppress BrdU incorporation in the central retina of ncad mutants (J, asterisk). (K) Ratio of number of BrdU-positive cells to total number of retinal cells in wild-type sibling retina and ncad, mib, and ncad; mib mutant retinas. The higher level of BrdU incorporation in the ncad mutant retina is not decreased by mib mutation. (L-O) BrdU labeling of wild-type retina (L) and nok (M), mib (N), and nok; mib mutant retinas (O) at 56 hpf. BrdU incorporation is observed in CMZ of the wild type and mib mutant retinas, whereas the central retina is BrdU-positive in the nok and nok; mib mutants (O, asterisk). (P) Ratio of number of BrdU-positive cells to total number of retinal cells in wild-type sibling retinas and nok, mib, and nok; mib mutant retinas. The higher level of BrdU incorporation in the nok mutant retina is partially decreased by mib mutation. (Q-T) her4 mRNA expression in wild-type sibling retina (Q) and ncad mutant retina (R) treated with DMSO, and in wild-type sibling retina (S) and ncad mutant retina (T) treated with DAPT at 58 hpf. At this stage, her4 mRNA expression level decreases in the central retina and the expression is observed only in CMZ of the ncad mutant retina (R). her4 mRNA expression is completely absent in both the wild-type retina and ncad mutant retina treated with DAPT (S and T). (U-X) her4 mRNA expression in wildtype sibling retina (U) and nok mutant retina (V) treated with DMSO, and in wild-type sibling retina (W) and nok mutant retina (X) treated with DAPT at 58 hpf. In contrast to the ncad mutant, her4 mRNA expression is observed in the central retina as well as CMZ of the nok mutant (V). her4 mRNA expression is completely absent in both wild-type and nok mutant retinas treated with DAPT (W and X). (Y and Z, a and b) ath5:GFP expression (green) and EdU incorporation (red) in wild-type sibling retina (Y) and ncad mutant retina (Z) treated with DMSO, and in wild-type sibling retina (a) and ncad mutant retina (b) treated with DAPT at 58 hpf. EdU incorporation is suppressed but ath5:GFP expression is observed in the central retina of the ncad mutant treated with DAPT (asterisk in b). (c-f) ath5:GFP expression (green) and EdU incorporation (red) in wild-type sibling retina (c) and nok mutant retina (d) treated with DMSO, and in wild-type sibling retina (e) and nok mutant retina (f) treated with DAPT at 58 hpf. EdU incorporation is suppressed but ath5:GFP expression is observed in the central retina of the nok mutant treated with DAPT (asterisk in f). . In this study, we found that the introduction of dnPKA failed to inhibit hyperproliferation in the zebrafish add mutant, in which the Wnt signaling pathway is highly activated . On the other hand, the introduction of dnPKA effectively inhibited the continuous proliferation in the nok mutant retina. It seems unlikely that b-catenin released from disrupted AJs contributes to the generation of neurogenic defects in the ncad and nok mutant retinas. In contrast to the cerebral cortex, the elimination of b-catenin disorganizes lamination but does not affect neurogenesis and neuronal differentiation in the mouse retina (Fu et al., 2006) . The effect of b-catenin on proliferation may be diverse among cell types and species.
3.2.
How does apicobasal cell polarity influence the mode of cell division in the zebrafish retina?
In the vertebrate brain, the balance between proliferative cell division and neurogenic cell divisions is tightly regulated during the stages of neurogenesis. However, it remains to be elucidated how this balance is regulated during neurogenesis. In previous studies using the mouse cerebral cortex, two models that explain how cell structures achieve such differential cell divisions were suggested (Gotz and Huttner, 2005; Knoblich, 2008; Lee and Vasioukhin, 2008 ). The first model shows that cell fate determinants are localized in the apical or basal domain of mitotic cells and that the apical or basal domain associated with cell fate determinants is asymmetrically inherited by one of the daughter cells in the cell division whose plane is perpendicular to the api- b cobasal axis (Costa et al., 2008; Konno et al., 2008; Sanada and Tsai, 2005) . It was reported that inscuteable regulates spindle orientation during cell division as well as the mode of cell division in the developing mouse retina (Zigman et al., 2005) . It is possible that the loss of apicobasal cell polarity affects the subcellular localization of cell fate determinants. In zebrafish, the cell-division plane of almost all retinal cells is perpendicular to the ventricular surface of the retinal epithelium throughout the stages of neurogenesis: rather, the orientation of cell division is changed from that whose plane is perpendicular to the peripheral-central axis of the optic cup to that whose plane is perpendicular to the circumferential axis as neurogenesis proceeds (Das et al., 2003) , suggesting a correlation between neurogenesis and the orientation of cell division. In this study, we observed that ncad and nok retinal cells positive for ath5:GFP sometimes undergo cell division whose plane is perpendicular to the apicobasal axis, which is very rare in the wild type. Cell division whose plane is perpendicular to the apicobasal axis was also observed in the retinas of the zebrafish has mutant (Horne-Badovinac et al., 2001 ) and the aPKCk and aPKCf double morphant (Cui et al., 2007) . It is possible that an abnormal orientation of cell division decreases the ratio of the number of cells exiting the cell cycle in the ncad and nok mutant retinas. The second possibility is that the interkinetic nuclear migration of mitotic progenitor cells influences the mode of cell division. It was reported that the failure of interkinetic nuclear migration leads to the increase in basal progenitor production and enhancement of neurogenic fate acquisition in the developing mouse brain (Cappello et al., 2006) . It was reported that interkinetic nuclear migration is compromised in the nok mutant and that many nuclei of nok mutant cells migrate perpendicularly to the apicobasal axis of the retinal epithelium (Zou et al., 2008) . It has been reported that the basalmost position of the interkinetic nuclear movement of retinal progenitor cells varies in zebrafish (Baye and Link, 2007) . Baye and Link (2007) also suggested that, in the zebrafish retina, progenitor cells whose nuclei migrate to more basal locations tend to undergo neurogenic cell division, whereas progenitor cells whose nuclei remain in the more apical region during the S phase tend to undergo proliferative cell division. It is possible that the compromised interkinetic nuclear movement in the zebrafish cell-polarity mutant retinas affects the commitment to become ath5-positive progenitor cells in the G2 phase. It was reported that Notch signaling is predominantly activated on the apical side of the retinal epithelium in zebrafish, and that defects in the interkinetic nuclear migration cause the altered exposure of retinal cells to Notch signals, which affects neurogenesis (Del Bene et al., 2008) . In this study, we found that the her4 mRNA is expressed in the central region of the ncad and nok mutant retinas at 48 hpf, and that the neurogenic defects in the ncad and nok mutant retinas are suppressed by DAPT treatment. These findings suggest that the loss of apicobasal polarity activates the Notch signaling pathway, resulting in the inhibition of the cell-cycle exit of retinal progenitor cells. In the future, it is important to examine whether her4 expression is up-regulated in retinal cells that fail to migrate along the apicobasal axis, and whether such abnormally migrating cells tend to reenter the cell cycle.
3.3.
Hh-PKA signaling pathway is involved in generation of neurogenic defects in ncad and nok mutant retina
The Hh signaling pathway regulates the progression of retinal neurogenesis in zebrafish Neumann and Nuesslein-Volhard, 2000; Stenkamp and Frey, 2003) . In this study, we found that the smu mutation enhanced the neurogenic defects in the ncad and nok mutants, and that continuous proliferation of cells in the nok mutant was suppressed by dnPKA. These findings suggest that the Hh-PKA signaling pathway is involved in the generation of neurogenic defects in the ncad and nok mutant retinas. It was reported that morpholino-mediated knockdown of Par3 induces not only the disorganization of retinal lamination but also cyclopia in zebrafish, the latter of which is reminiscent of that in Hh pathway mutants (Wei et al., 2004) . It is possible that the losses of cell polarity and epithelial integrity affect the signal transduction of the Hh pathway. To understand the relationship between the loss of cell polarity and the Hh-PKA pathway, it is necessary to elucidate the precise actions of Hh and PKA in zebrafish retinal neurogenesis in the future.
3.4.
Differential dependence of ncad and nok mutant defects on Notch signaling pathway
We found that the neurogenic defects in the ncad mutant retina are not effectively suppressed by mib mutation, unlike in the case of the nok mutant retina ( Fig. 5K and P) , although a strong blockade of the Notch signaling pathway by DAPT treatment suppresses the neurogenic defects in both the ncad and nok mutant retinas ( Fig. 5g and h ). These findings suggest that the dependence of the neurogenic defects on the Notch signaling pathway differs between the ncad and nok mutant retinas. In contrast to the nok mutant cells, ncad mutant cells have apicobasal polarity to some extent and tend to assemble into a rosette structure in the retina at 35 hpf (Wei et al., 2006) . The rosettes of ncad mutant cells retain neuroepithelial integrity: their interior foci correspond to the apical domain of the neuroepithelium. It is possible that Delta and Notch interacts to some extent within ncad mutant cell rosettes and their interaction is less affected in the ncad mutant retina than in the nok mutant retina. We found that her4-expressing cells are clustered and unevenly dispersed in the central retina of the ncad mutant (Fig. 5B) , whereas her4-expressing cells are isolated and evenly dispersed in the central retina of the nok mutant (Fig. 5E ). It is interesting to examine whether the clusters of her4-expressing cells in the ncad mutant retinas correspond to the rosettes, or whether individual rosettes contain both her4-expressing and non-her4-expressing cells. Furthermore, it is possible that the rosette formation compromises long-range signalings required for neurogenesis such as Fgf and Hh signalings in the ncad mutant retina. Some rosettes of ncad mutant cells may be retained in an undifferentiated state equivalent to the neural retina before neurogenesis starts. In the future, it will be important and interesting to elucidate why ncad and nok mutant cells respond differently to the blockade of the Notch signaling pathway.
4.
Experimental procedures
Fish strains
The RIKEN wild type was used as the wild-type strain. A transgenic line carrying GFP under the control of the ath5 enhancer, Tg (ath5:GFP)
rw021
, was used to monitor ath5 expression . In this study, we used the add rw399 , mib ta52b (Jiang et al., 1996) , moe rw310 , ncad fr7 (Lele et al., 2002; Masai et al., 2003) , and smu b577 mutant strains (Varga et al., 2001 ).
4.2.
Isolation of zebrafish ncad, nok, ome, and moe mutants A three-generation diploid screening was performed to isolate zebrafish retinal mutants. In this screening, F3 embryos were fixed with 4% paraformaldehyde (PFA) at 72 hpf and labeled with an anti-acetylated a tubulin antibody to visualize retinal lamination (Masai et al., 2003) . By this screening, we isolated seven mutants showing a severe disorganization of retinal laminae: rw161, rw170, rw267, rw310, rw407, rw464, and rw707. The mapping of these mutational loci and the test of complementation with previously reported mutants revealed that rw161/464, rw267/ 407, rw170/310, and rw707 are alleles of nok, ome, moe, and ncad, respectively. The sequencing of cDNAs prepared from nok rw464 and ncad rw707 homozygous embryos revealed that an in-frame deletion (deleted amino acids: 138-GLQSLIAPPALLE-150) and a nonsense mutation (Y525stop in the EC4 domain of N-cadherin) occur in nok rw464 and ncad rw707 mutant genomes, respectively. The retinal phenotypes of these mutants were nearly similar to those of previously reported putative null alleles (Malicki et al., 2003; Masai et al., 2003; Pujic and Malicki, 2001; Wei and Malicki, 2002) , suggesting that our alleles are also null mutants.
4.3.
In situ hybridization, immunolabeling, plastic sectioning, cell transplantation, and labeling of BrdU and EdU Whole-mount in situ hybridization, antibody labeling, plastic sectioning, and cell transplantation were performed as described previously (Masai et al., 2003) . Dechorionated embryos were soaked for 10 min in Ringer's solution containing 10 mM BrdU (Sigma) and 15% dimethylsulfoxide (DMSO) on ice. After the BrdU uptake, the embryos were washed out, incubated for 1 h in water at 28.5°C and fixed with 4% PFA. For the experiment shown in Fig. 2G , only BrdU chasing periods were changed to 15 min, 1 h, and 2.25 h. All BrdU experiments in this study were carried out using the same incorporation procedure (10 min uptake and 1 h chasing), except for the experiment the results of which are shown in Fig. 2G . Antibody labeling was carried out using an anti-pH3 antibody (Upstate Biotechnology) at 1:500, an anti-BrdU antibody (Roche) at 1:100, an Alexa-532-conjugated anti-mouse IgG antibody (Molecular Probes) at 1:500, and an HRP-conjugated anti-mouse IgG antibody (Histofine, Nichirei) at 1:6. Incorporation of EdU was carried out using the same procedure as that for BrdU incorporation. EdU signals were detected using a Click-iT TM EdU Alexa Fluor Imaging kit (Invitrogen).
4.4.
Calculation of ratio of number of BrdU-positive cells to total number of retinal cells
Cryosections labeled with the anti-BrdU antibody were scanned under a laser-scanning microscope (LSM 510, Carl Zeiss). The ratio of the number of BrdU-positive cells to the total number of retinal cells was determined using one-section image containing the central retina per eye. The means and standard deviations were calculated using the data from four eyes from two different embryos (Figs. 1G and H, Fig. 2G ). Since cryosections were treated with HCl in the process of anti-BrdU antibody labeling, nuclei in the scanned images were too swollen to be counted separately. Thus, we measured the ratio of BrdU-positive area to the total area, instead of the ratio of BrdU-positive cell number to the total cell number. Using NIH image, we converted BrdU signals to a binary scale with two digits, 0 (negative) and 1 (positive), by which a BrdU-positive area is adjusted to the outlines of BrdU-positive cells. This procedure enabled the approximation of the ratio of BrdU-positive area to the total area as the ratio of BrdU-positive cell number to the total cell number. The number of pixels corresponding to 1 or 0 within the neural retina was determined. The ratio of BrdU-positive area to the total area was calculated as the ratio of the number of 1 pixel to the number of 1 + 0 pixels. The detailed procedures were described previously .
4.5.
Ratio of number of cells undergoing mitosis to total number of retinal cells at 27 hpf Cryosections of ncad and nok mutant embryos and their wild-type sibling embryos were labeled with the anti-pH3 antibody and Sytox Green Nucleic Acid Stain. These doublelabeled sections were scanned under an LSM510 laser-scanning microscope (Carl Zeiss). The number of pH3-positive cells and the total number of cells were determined using a one-section image containing the central retina per eye. The ratio of the number of pH3-positive cells to the total number of retinal cells was calculated in eight eyes isolated from four different nok embryos and six eyes isolated from three different ncad embryos, and average and standard deviation were determined. To calculate the ratio of the number of cells undergoing mitosis to the total number of cells in a cell-polarity-compromised region and in a normally polarized region in ncad mutant retinas, ncad embryos were labeled with the antipH3 antibody and immunosignals were visualized by staining with the HRP-conjugated anti-mouse IgG antibody. After plastic sectioning and nuclear staining of these ncad embryos with toluidine blue, the number of pH3-positive cells and the total number of cells were determined in a cell-polarity-compromised region and in a normally polarized region in one section containing the central retina per eye. The ratio of the number of pH3-positive cells to the total number of cells in a cell-polarity-compromised region and that in a normally polarized region were calculated in 10 eyes isolated from five different ncad embryos. Means and standard deviations were determined (Fig. 2D ).
4.6.
Ratio of number of cells in final division to total number of cells undergoing mitosis
Cryosections of ncad and nok mutant embryos and their wild-type siblings of Tg(ath5:GFP) background were labeled with the anti-pH3 antibody. These labeled sections were scanned under an LSM510 laser-scanning microscope. Since ath5:GFP expression is initiated in G2 phase prior to the final cell division, the number of GFP-and pH3-double-positive cells was counted as the number of cells undergoing the final cell division. The total number of pH3-positive cells and the number of cells in the final division were determined using 6-27 retinal sections from the nasal to temporal retinal regions prepared from both eyes per embryo. The ratio of the number of cells in the final division to the total number of pH3-positive retinal cells was calculated from three different ncad embryos and their wild-type siblings at 33 hpf and 48 hpf and nok embryos and their wild-type siblings at 33 hpf, or from two different nok embryos and their wild-type siblings at 48 hpf. Means and standard deviations were determined (Fig. 3M) .
Ratio of number of cells undergoing mitosis to number of retinal proliferating cells
Cryosections of ncad and nok mutant embryos and their wild-type siblings of Tg(ath5:GFP) background were labeled with the anti-pH3 antibody and TOPRO3 (Molecular probes) for nuclear staining. These labeled sections were scanned under an LSM510 laser-scanning microscope, and the number of pH3-positive cells and the number of ath5:GFP-and pH3-double-negative nuclei were counted using 3-8 sections from the nasal to temporal retinal regions prepared from both eyes per embryo. The ratio of the number of cells undergoing mitosis (pH3-positive cells) to the total number of proliferating retinal cells (ath5:GFP-and pH3-double-negative cells plus pH3-positive cells) was calculated from three different ncad embryo and their wild-type siblings at 33 hpf and 48 hpf, and nok embryos and their siblings at 33 hpf, and from two different nok embryos and their wild-type siblings at 48 hpf. Means and standard deviations were determined (Fig. 3N) .
4.8.
Ratio of number of post-mitotic cells to total number of retinal cells
Cryosections of ncad and nok embryos and their wildtype siblings of Tg(ath5:GFP) background were labeled with Sytox Orange and scanned under an LSM510 laser-scanning microscope. The number of ath5:GFP-positive cells was counted as the number of post-mitotic cells. The number of post-mitotic cells and the total number of retinal cells were determined using 1-3 section images containing the central retina per eye. The ratio of the number of post-mitotic cells to the total number of retinal cells was calculated in four eyes isolated from two different ncad and nok embryos and their wild-type siblings. Means and standard deviations were determined (Fig. 3L) .
4.9.
Count of cells undergoing mitosis and ratio of number of BrdU-positive cell to total number of retinal cells in wild-type embryos and smu, ncad, nok, ncad; smu, and nok; smu mutant embryos Retinas of ncad; smu double mutant embryos and their wild-type siblings and smu and ncad single mutant siblings, and those of nok; smu double mutant embryos and their wild-type siblings and smu and nok single mutant siblings were sectioned by a cryostat. The resulting cryosections were labeled with the anti-pH3 antibody and scanned under an LSM510 laser-scanning microscope. The number of pH3-positive cells per sectioned retina was counted using images containing the central retina. Means and standard deviations were determined using 2-8 sectioned retinas prepared from different embryos ( Fig. 6J and T) . In the ncad; smu mutant, the boundary between the neural retina and the forebrain was often unclear and retinal cells intermingled with brain cells. To precisely examine the number of retinal cells undergoing mitosis, we also monitored ath5:GFP expression in the sectioned retina labeled with the anti-pH3 antibody, and counted only pH3-positive cells in the area where ath5:GFPpositive cells were distributed (see Fig. 6H ). The ratio of the number of BrdU-positive cells to the total number of retinal cells was calculated as described in Section 4.4. Means and standard deviations were determined using 2-4 sectioned retinas from different embryos. Since the interface between the neural retina and the forebrain was sometimes unclear in the ncad; smu mutant retinas, BrdU incorporation was examined using the sectioned retinas adjacent to those used for the counting of pH3-positive cells, whose ath5:GFP expression helps us demarcate the retinal area (compare the images in Fig. 6D and H) .
4.10. DNA construction and expression from construct pCS2[hsp:dnPKA-GFP], a DNA construct that expresses GFP-tagged dnPKA under the control of a zebrafish heatshock promoter (Halloran et al., 2000) , was constructed as described previously . The heat-shock treatment and BrdU labeling of embryos injected with the DNA constructs were performed as previously described in detail .
Detection of apoptosis
Both the left and right eyes of six different embryos were sectioned using a cryostat in each of the different combinations of the ncad and nok mutant embryos and their wild-type siblings at 24, 30, and 48 hpf. Three neighboring sections were prepared from one eye and used for TUNEL carried out using an In Situ Cell Death Detection kit (Roche). The average number of TUNEL-positive signals per sectioned retina for each embryo was determined using six sections prepared from both the left and right eyes. Means and standard deviations were determined using six different embryos for each of the different combinations of the ncad and nok mutant embryos and their wild-type siblings at 24, 30, and 48 hpf.
DAPT treatment
Embryos were dechorionated at the tail-bud stage and incubated in an E3 medium containing 100 mM DAPT (Calbiochem) and 1% DMSO from the tail-bud stage to the stages we examined. Three embryos were used in each of the four different combinations of the ncad: ncad mutant with DMSO treatment, ncad mutant with DAPT treatment, ncad wild-type siblings with DMSO treatment, and ncad wild-type siblings with DAPT treatment, and in each of the four different combinations of the nok: nok mutant with DMSO treatment, nok mutant with DAPT treatment, and nok wild-type siblings with DMSO treatment, nok wild-type siblings with DAPT treatment. Sectioned retinas were labeled with EdU and all nuclei were counterstained with DAPI. After scanning using a confocal laser microscope, we counted the number of EdU-positive cells and that of DAPI-positive cells in the retinas. The ratio of the number of EdU-positive cells to the number DAPI-positive cells was determined. The average ratio of each embryo was calculated using two sectioned images prepared from the left and right eyes. Means and standard deviations were determined using three different embryos in each combination.
